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Introduction
Fly ash (FA) has become one of the most attractive supplementary cementitious materials (SCM) since it was first developed to be high-volume fly ash concrete in the late 1980s [1] . It was reported that fly ash played a significant role in concrete performance, which show the acceptable early-age and long-term strength, low drying shrinkage and creep, and excellent durability when compared with Portland cement (PC) concrete with similar strength [2, 3] . The morphology of fly ash particles (predominantly spherical in shape) provides considerable improvement of workability of fresh concrete [4] . The filler contribution and also pozzolanic effect are both beneficial to the long-term strength development and durability [5] . However, the mineralogical composition of fly ash, which depends on geological factors related to the formation and deposition of coal, its combustion condition and other factors, can be variable, leading to the fluctuations in performance and ineffective utilization [6] . In China, only about 40% of fly ash production is used in cement and concrete. One of the reasons for preventive effective utilization is related to lack of appropriate techniques for the characterization and screening of raw fly ash and identification of hydration products. There are three methods commonly use to characterize the composition of fly ash: (1) X-ray fluorescence (XRF), (2) Energydispersive X-ray spectroscopy (EDS), and (3) X-ray diffraction (XRD). Widely accepted classification of fly ash is governed by , ASTM C618 [8] and GB 1596 [9] . However, the activity of fly ash cannot be estimated only based on the chemical composition from XRF analysis. Prior art demonstrated that fly ash had considerably different performance in concrete even though containing similar bulk chemical composition [10] [11] [12] [13] . With EDS, according to the content of Al, Si and Ca, fly ash can be divided into several groups, possessing certain hydraulic activity [12, [14] [15] . Combined with scanning electron microscope (SEM) or back scattered electron (BSE) images, EDS is an appropriate approach to study fly ash including the analysis of glass content and chemical composition of different products. The main obstacle of this method is that it requires large volumes of data to be analyzed and so this process is time-consuming. Unfortunately, EDS cannot distinguish the phases with similar elementary composition. XRD coupled with Rietveld refinement has been increasingly used as a fast and reliable method to evaluate the content of the crystalline and amorphous phases in inorganic materials [16] . The test is usually performed by spiking the crystalline samples of an internal standard such as SiO 2 , Al 2 O 3 , or TiO 2 at a known proportion. This method has demonstrated a better adaptability in estimating the minor phases [17] [18] . However, the Rietveld/XRD quantitative results can fluctuated depending on specimen preparation [19] , radiation source [20] and the content and types of standard powder [16] . Indeed, the fly ash specimens are difficult to characterize by Rietveld/XRD method due to the presence of dominant amorphous phase and complicated crystal composition. Therefore, the quantitative phase analysis of fly ash by the Rietveld/XRD method needs further attention. In addition, the quantitative stability of this method must be clearly demonstrated In this paper, the influence of internal standards (types and dosages), incident X-rays (laboratory or synchrotron) and refinement software (GSAS or TOPAS) on quantitative stability of Rietveld method is discussed. The sensitivity of the stability in respect of minor phase of SiO 2 in fly ash which is exactly identical to spiked standard is evaluated by the numerical simulation and error analysis. Additionally, the derivation of modified equation for calculation of amorphous phase is also reported. The main objective of reported work is to study the extent of quantitative stability of Rietveld method with various of the above comprehensive factors and propose modification for original formula of amorphous calculation.
Materials and Methods

Raw Materials
Fly ash supplied by Baotian New Type Building Material Co., Ltd (China) is quantitatively studied by Rietveld/XRD method. Chemical composition and particle size distribution data are reported in Table 1 and Figure 1 , respectively. Standard powders of α-Al 2 O 3 (code SRM-676a) and SiO 2 (code AB111366) are used in this work as the internal standard. Powder sample of α-Al 2 O 3 and SiO 2 are produced and supplied by National Institute of Standards and Technology, NIST (USA) and ABCR GmbH. Co. KG (Germany), respectively. SiO 2 standard is sieved through 125 µm prior to be used. Table 1 Chemical composition of fly ash determined by XRF. 
Sample preparation
The SiO 2 powder (AB111366) used as an internal standard was separately mixed with fly ash by adding 50 wt%, 20 wt% and 10 wt%, (for specimens labeled as FA_SiO 2 50%, FA_SiO 2 20% and FA_SiO 2 10%, respectively). The α-Al 2 O 3 (SRM-676a) reference material was similarly mixed with the fly ash by adding 20 wt% (labeled as FA_Al 2 O 3 20%). The above mixtures were wet milled in planetary mill with anhydrous alcohol (20 wt%t) to narrow the grain size distribution and homogenize the blend. The resulting slurries were evaporated and subsequently finely dispersed by grinding in an agate mortar.
Data collection and processing
Chemical composition of investigated fly ash specimen was determined by XRF (SRS3400, Bruker AXS Corporation, Germany) and particle size distribution measurements were carried out by laser particle size analyzer (LS 230 from Beckman Coulter, USA). The laboratory X-ray powder diffraction patterns (LXRD) were recorded in Bragg-Brentano reflection geometry (θ/2θ) on an X'Pert MPD PRO diffractometer (PANalytical International Corporation, Netherland) and Rigaku X-ray diffractometer (D/max2550VB3+/PC from Rigaku International Corporation, Japan). The detailed instrument settings for LXRD are summarized in Table 2 . The synchrotron X-ray diffraction (SXRD) experiments were performed at the beamline BL14B1 of Shanghai Synchrotron Radiation Facility in China. The experimental parameters for SXRD are listed in Table 3 . All the above patterns were refined by the Rietveld method with GSAS-EXPGUI or TOPAS software. Figure 2 shows LXRD pattern of fly ash collected in the PANalytical equipment. The identification of the crystalline phases gives mullite (2SiO 2 •3Al 2 O 3 ) and quartz (SiO 2 ) as main phases, accompanied by some minor phases such as calcite (CaCO 3 ), magnetite (Fe 3 O 4 ) and rutile (TiO 2 ). The background observed at the diffraction angle (2θ) ranged 16° to 36° was arched up, indicating a large amount of amorphous phase in fly ash. The direct Rietveld quantitaion of this spectrum would result in the overestimated quantitative results. The internal standard method based on the Rietveld refinement as a strategy can solve this problem by the adjustment of crystalline content based on an actual dosage of the standard, (Eq. 1) [16] . The weight percentage of crystalline phases can be calculated after acquiring the amorphous content (Eq. 2). One of the requirements for the internal standard is that it should have a simple and known structure of high symmetry to avoid the excessive complexity of combined XRD pattern [21] .
Moreover, it should present diffraction peaks non-overlapped with the sample, small particle size and liner absorption coefficient as similar as possible to that of the sample. The SiO 2 powder is selected as an internal standard due to the presence of characteristic-sharp diffraction peaks (non overlapped with those of the sample, high identification resolution and proximate mass absorption coefficient corresponding to the main phases of fly ash, which could decrease the quantitative errors in the process of refinement due to microabsorption effect [16] . However, it is also important to highlight that fly ash sample may also contains some quartz (Fig. 2) . Normally, it is inclined to ignore the contribution of minor phase (<5%), assuming that the effects on accuracy can be negligible. To evaluate the effect on the refined weight fractions, the theoretical quantitative results and error analysis were performed. The results, corresponding to different dosages of SiO 2 (internal standard) and various presumptive weight fractions of SiO 2 (inherent phase in fly ash), were displayed in (f)) reveals that the most serious error-zone appeared at the bottom right corner, which means the original equation for calculation of amorphous phase is not applicable for a case with a higher weight fraction of inherent SiO 2 in fly ash and lower dosages of internal standard. Based on the variation of assumed amorphous content from 10 wt% to 50 wt%, it is obvious that the quantitative errors dramatically decrease at a higher content of internal standard. The absolute and relative errors were larger than 5% and 10%, respectively, when the assumed amorphous content reach 50 wt% meanwhile the inherent SiO 2 content is larger than 2.5% and the dosages of internal standard is lower than 20%. To eliminate the quantitative errors, the original Eq. (1) for calculation of amorphous phase was rescaled. Using Rietveld refinement, the modified equation for calculation of the amorphous in fly ash can be derived as following:
Using the equations above, the quantitative relationship between the content of amorphous phase and SiO 2 including both original SiO 2 in fly ash and SiO 2 from internal standard can be transformed to the Eq. (7), and the modified equation for calculation of the amorphous phase content can be proposed as Eq. (8).
(1 )(1 ) [29] was used and the related parameter GW, LY, S/L and H/L were initially set to 5 (0.01º) 2 , 12 (0.01º), 0.02 and 0.02, respectively. The refined overall parameters were cell parameters, zero-shift error, peak shape parameters (GW and LY) and phase fractions. A lineal interpolation function was chosen to fit the background with polynomial term gradually increasing to 36. Peak shapes were fitted by refining the Gaussian contribution and Lorentzian contribution separately when appropriated. Each round of the Rietveld refinement, the modified parameters was evaluated by the variation of least-square R factor and the difference curve between the calculated and diffraction pattern. The least square calculation for Rietveld refinement was carried out several times under the condition of satisfactory fit until the parameter of final variable sum was less than 5. Figure 4 shows the Rietveld plots for the FA and Rietveld quantitative results are listed in Table 4 (where t 'wt % Rietveld' stands for the direct Rietveld results, i.e. assuming 100 wt% of crystalline phases).
The Rietveld quantitative phase analysis of fly ash with different dosages of internal standard (50%, 20% and 10%) were successively performed by similar strategy. For example, the Rietveld plot obtained for FA_SiO 2 50% at the final round of refinement is reported in Figure 5 . A comparison ( Figure 6 ) is made between the quantitative results obtained from original (Eq. (1)) and modified equation (Eq. (8) , respectively. It is apparent that the quantitative differences between these two equations tended to be more significant at the reduced dosage of internal standard. The observed data have a good correspondence to the theoretical error analysis (Fig. 3) . Compared with Rietveld quantitative analysis for the specimens at three dosages of the internal standard, reported in Figure 7 , the maximum absolute differences of the phases are 1. 
The stability of Rietveld quantitative analysis with different Xray sources
To evaluate the effect of the type of applied radiation on Rietveld quantitative stability, the XRD patterns of FA_Al 2 O 3 20% were recorded in typical laboratory conditions (labeled as FA_Al 2 O 3 20%(CuKα1,2)) and synchrotron radiation facility (FA_Al 2 O 3 20% (Synchrotron)). The α-Al 2 O 3 (SRM-676a) was used as a different internal standard. The XRD patterns were processed using the TOPAS software instead of GSAS. For refinement procedure, the crystal structure files (.str) and Xray pattern of FA_Al 2 O 3 20%(CuKα1,2) specimen were used. The diffraction peak with FP function at about 25° was subsequently inserted. The emission profile (.lam) was represented by CuKα5.lam and the slit parameters were selected according to the instrument settings listed in Table 2 .
In the initial refinement cycles the global parameters, i.e. zero error, air scattering factor, and phase scale factors, were refined. The background was fitted by Chebychev function with 5 or 6 terms of polynomial equation. Cell parameters, absorption factor and crystalline size and strain of the main crystal phases were carefully refined within constrained limits when necessary. The refinement was carried out by several cycles until the stable R factor and satisfactory fits were obtained. The final Rietveld plot is reported in Fig.8(a) and derived quantitative results including amorphous content (column 'wt original sample, CuKα 1,2 ) are provided in Table 4 , being the amorphous content in fly ash 67.1 wt%, while the mullite and quartz phases are 23.3 wt% and 4.9 wt%, respectively. The FA_Al 2 O 3 20% (Synchrotron) specimen was continually refined by TOPAS software following similar strategy. The inserted amorphous phase peak was changed as the position of 2θ≈20°. The 'CuKα1.lam' file was used as the emission profile with the wavelength of 1.2379A. Polarization factor (LP) value was set to 90. The Rietveld plot and quantitative results are reported in Fig. 7 (b) and Table 4 . The satisfactory refinement is achieved by achieving the adequate smoothness of the Yobs-Ycalc curve and low R factors (R WP =7.8%, R P =6.0%) confirming that the Rietveld quantitative analysis of fly ash sample was adequate. The Rietveld quantitative results provide the weight percentage of amorphous phase, mullite and quartz as 68.9 wt%, 23.9 wt% and 4.2 wt%, respectively. The Rietveld quantitative results with two different X-ray sources are compared and reported in the column of 'Absolute difference' (Table 4) . It is demonstrated that the largest absolute differences (1.7%) are calculated for the amorphous phase fractions. Furthermore, results obtained using two refinements were plotted with respect to each other in Fig. 9 . All values are located close to the 1:1 ratio bisector, which is also implying excellent reproducibility of the analyses. The error bars (esd), mostly smaller than the symbol size, are based on 3σ errors of phases as determined by the Rietveld refinement. Invariably, the esd values obtained from the laboratory experiments are larger relatively to the synchrotron esd values due to the reduced counting statistics. The reproducibility of the phase fraction calculations indicates that equivalent quantitative mineralogical analysis results of fly ash can be obtained from the laboratory equipment based on a careful analysis. The internal standard method based on the Rietveld refinement is a reliable analysis approach to quantify the crystalline and amorphous phases in fly ash.
Table 4
Rietveld quantitative phase analysis of FA_Al 2 O 3 20% sample using CuKα1,2 and Synchrotron Fig. 9 The correlation plot of weight fractions refined from FA_Al 2 O 3 20%(CuKα1,2) and FA_Al 2 O 3 20%(Synchrotron).
The numerical analysis for Rietveld quantitative results
The consistency of Rietveld quantitative analysis is the main prerequisite to ensure its correct application. 
Conclusions
The ignorance of a minor phase in sample which is identical to the internal standard, has significant effect on the Rietvled quantitative phase analysis to derived amorphous contents. Theoretical errors are positive correlated with the weight fraction of ignored phase and negatively correlated with the dosages of internal standard and actual weight fraction of amorphous component in sample. The original equation for amorphous phase calculation is not applicable for a case with a higher inherent SiO 2 content (>2.5%) in fly ash while the dosages of internal standard is lower than 20%. The modified equation for amorphous calculation based on the internal standard is suggested. The absolute difference in the amorphous content in fly ash between the modified and original formula is 4.9% in FA_SiO 2 50% (50 wt% of internal standard), 7.8% in FA_SiO 2 20% (20 wt% of internal standard) and 8.7% in FA_SiO 2 10% (10 wt% of internal standard) The Rietveld quantitative results are quite stable at various dosages of SiO 2 as internal standard from 10 wt% to 50 wt% under the precondition of modified formula application. The maximum absolute differences of the same phases include the amorphous and main crystalline phases such as mullite and quartz are respectively 1.2%, 0.9% and 0.3%. The quantitative analysis of fly ash obtained by Rietvled/XRD method based on the addition of internal standard has a good reproducibility, stable to the fluctuation of external factors such as spiked standards (types and dosages), incident X-rays and refinement softwares. The arithmetic mean errors and the standard errors of the main phases were all around 1%. 
Statement of Societal Impact
Fly ash, the most attractive supplementary cementitious materials, plays a significant role in concrete performance. However, the quality of fly ash is irregularity, leading to the fluctuations in performance even damage to buildings. So it is necessary to evaluate the quality including quantitative phase analysis before using it. Although XRD coupled with Rietveld refinement has been demonstrated as an effective analysis method, some factors that inclined to be ignored in fly ash system still need further consideration to guarantee the quantitative accuracy and stability.
In this work, assessment of quantitative accuracy of Rietveld/XRD analysis of the crystalline and amorphous phases in fly ash was systematically investigated. The main contribution of this work can be summarized as follows, Firstly, this study has identified minor phase in sample which is identical to the internal standard has significant effect on the Rietvled quantitative phase analysis to derived amorphous contents, however, the contribution was ignored before. Errors deviation and correlation analysis were further performed. Secondly, based on the error analysis, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 better reproducibility, more accurate and stable toward the fluctuation of external factors such as spiked standards (types and dosages), incident X-rays and refinementsoftwares.
I think it is a new topic and challenge.
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